Plain Language Summary {#S0001}
======================

Hypercapnia is almost always an indicator of exhaustion of ventilatory force. This is why we explored whether hypercapnia might also be able to predict mortality, which we confirmed. In particular, acute hypercapnia (defined as pH \<7.35) is a relevant predictor of mortality. Almost every third patient (32%) died 1 year after acute hypercapnia was detected at hospital admission. Patients with chronic hypercapnia had a slightly lower 1-year mortality rate (20%). Additionally, there were differences in the 1-year mortality rate depending on the underlying cause of the hypercapnia. Patients with obesity hypoventilation syndrome or hypercapnic obstructive sleep apnea syndrome almost never died when treated properly with noninvasive ventilation. In contrast, patients with pneumonia had a very high mortality rate (50%) and the mortality rates for chronic obstructive pulmonary disease and congestive heart disease were also considerable, at 24% and 28%, respectively.

Introduction {#S0002}
============

Hypercapnia, defined as a blood partial pressure of carbon dioxide (pCO~2~) ≥45 mmHg assessed in an arterial or capillary blood gas analysis, is almost always an indicator of ventilatory exhaustion. Only a minority of hypercapnic patients have a different underlying disease: their central respiratory drive is suppressed mainly due to the side effects of opiates or, extremely rarely, due to neurologic diseases such as undine syndrome, brain metastases or neurosarcoidosis.

Ventilatory exhaustion results from a mismatch of ventilatory muscle load and capacity. In patients with neuromuscular diseases, for example amyotrophic lateral sclerosis, the ventilatory capacity is low and decreases over time, which results in an increased load/capacity mismatch even if the muscle load is normal. Chronic obstructive pulmonary disease (COPD) patients also have a lower ventilatory capacity, but to a much lesser degree than patients with neuromuscular diseases. The more important reason for their ventilatory muscle load/capacity mismatch is their increased ventilatory muscle load.

An increased ventilatory muscle load/capacity mismatch results in hypercapnia in most patients. Hypercapnia helps to reduce the ventilatory muscle load primarily by reducing the respiration rate. It is not clear what exactly causes the occurrence of hypercapnia. Abnormally high pCO~2~ levels have been identified as an indicator of severe respiratory fatigue and impending cardiopulmonary arrest.[@CIT0001] However, limited data are available on the value of abnormally high pCO~2~ as a predictor of mortality in hospitalized patients. We aimed to evaluate the potentially higher mortality of hypercapnic patients.

Patients and Methods {#S0003}
====================

Study Design {#S0003-S2001}
------------

This is an observational prospective study that involved enrollment from January to December 2015, with a follow-up period up to December 2016.

Ethics and Consent {#S0003-S2002}
------------------

The institutional ethics committee of Marienkrankenhaus Kassel, Germany, approved the study (reference no. MKH 07/2014). All patients gave written informed consent for the scientific use of the data acquired during hospitalization.

Definitions of Hypercapnia, Acute Hypercapnia and Chronic Hypercapnia {#S0003-S2003}
---------------------------------------------------------------------

Hypercapnia was defined as a pCO~2~ ≥45 mmHg. Acute hypercapnia was defined as a pCO~2~ ≥45 mmHg with a pH \<7.35. Chronic hypercapnia was defined as a pCO~2~ ≥45 mmHg with a pH ≥7.35.

Blood Gas Analysis {#S0003-S2004}
------------------

We preferred capillary blood gas analysis but also included patients with arterial blood gas analysis and some patients with only venous blood gas analysis. (Arterial blood gas analysis is the gold standard in the measurement of blood gases. However, the procedure to obtain arterial blood gas data is painful. Arterialized capillary gases sampled at the ear lobe give similar results for pH and pCO~2~.[@CIT0002] The interpretation of venous blood gas data is more difficult. The pH is slightly lower (0.02--0.04 pH units) and the pCO~2~ is slightly higher (3--8 mmHg). However, differences can be greater in patients with hypotension and they depend on local metabolism. We only used venous blood gases if the pCO~2~ was \<45 mmHg and pH was \>7.35, which allowed hypercapnia and acidosis to be excluded.[@CIT0003],[@CIT0004] If the pH was also \>7.35 and oxygen saturation (measured by pulse oximetry) was normal, additional blood gases were unnecessary but, if not, arterial blood gas data were obtained.)

Study Protocol {#S0003-S2005}
--------------

The Marienkrankenhaus is a small general hospital with a focus on lung diseases. All patients with dyspnea or pulmonary diseases were included in the study. All these patients underwent routine blood gas analysis at hospital admission. The data in the patient records of the hypercapnic patients were used to identify the underlying diagnosis leading to hypercapnia and to identify the patients who died during their hospital stay. One year after hospital admission the patients or, if they were not available, their general practitioners were contacted to identify the patients who had died during the 1-year follow up.

Statistical Analysis {#S0003-S2006}
--------------------

Data were analyzed using IBM^®^SPSS^®^ version 2. To test for differences in mortality rates between acute hypercapnic patients and chronic hypercapnic patients or normocapnic controls, between acute and chronic hypercapnic COPD patients, and between hypercapnic patients with different underlying diseases and normocapnic controls, binary logistic regressions were applied. These multivariate models allow to test the mentioned differences adjusted for age and gender. So, all p-values reported in the results section are adjusted for age and gender. P values ≤0.05 were considered to be statistically significant.

Results {#S0004}
=======

During the study period, 6750 patients were admitted to the medical department of the hospital. 2710 patients had dyspnea or were admitted for pulmonary diseases, and they were included in this study; 1626 were normocapnic, 496 were hypocapnic and 588 were hypercapnic. Additionally, 1-year mortality data were available for 583 of the hypercapnic patients (these data were unavailable for five hypercapnic patients). Hypercapnic patient details, including age, gender, diagnoses leading to hypercapnia, outcomes, and blood gas values, are given in the [[supplementary material](https://www.dovepress.com/get_supplementary_file.php?f=242075.docx)]{.ul} file.

Of the 583 hypercapnic patients, 300 were males (51.5%). The age range was 18--96 with a median of 67.5 years. Regarding the underlying diseases, 50.8% (296 patients) had COPD, 11.5% (67) had congestive heart disease (CHD), 10.8% (63) had obstructive sleep apnea syndrome (OSAS)/obesity hypoventilation syndrome (OHS), 9.8% (57) had pneumonia (community-acquired pneumonia or pneumonic sepsis), 3.6% (21) had suppressed central respiratory drive (primarily due to opiate abuse) and 13.5% (79) had other underlying diseases such as pulmonary fibrosis, kyphoscoliosis, postpolio syndrome or neuromuscular diseases ([Figure 1](#F0001){ref-type="fig"}).Figure 1Causes of hypercapnia in patients with hypercapnia at hospital admission.**Abbreviations:** COPD, chronic obstructive pulmonary disease; CHD, congestive heart disease; OSAS, obstructive sleep apnea syndrome (and obesitas/hypoventilation); opiate, intoxications (primarily opioids).

Mortality Rates of Hypercapnic Patients {#S0004-S2001}
---------------------------------------

Of the 583 hypercapnia patients, 55 died in hospital (9.4%) and 136 died after 1 year (23.3%). The mortality rates were higher when the patients were acutely hypercapnic at hospital admission. Of the 153 acutely hypercapnic patients, 26 died in hospital (17%) and 49 died after 1 year (32%). There were significant differences in the mortality rates between the chronic and acute hypercapnic patients regarding both the in-hospital mortality rate (6.7% vs 17%; p=0.001) and the 1-year mortality rate (20.2% vs 32%; p=0.019) ([Figure 2A](#F0002){ref-type="fig"} and B).Figure 2In-hospital and 1-year mortality rates of (**A**) all patients who had hypercapnia at hospital admission and (**B**) the acute and chronic hypercapnia subgroups. \[Acute (hypercapnia) = pH \< 7.35; chronic (hypercapnia) = pH ≥ 7.35\]. All hypercapnic patients\` in-hospital mortality was 9.4%; their 1-year mortality 23.3%. The chronic hypercapnic patients\` in-hospital mortality was 6.7%; their 1-year mortality 20.2%. The acute hypercapnic patients\` in-hospital mortality was 17%; their 1-year mortality 32%.

Mortality Rates of Acute vs Chronic Hypercapnic COPD Patients {#S0004-S2002}
-------------------------------------------------------------

COPD patients with acute hypercapnia at hospital admission had a significantly higher in-hospital mortality rate (p=0.042) and a non-significantly higher 1-year mortality rate (p=0.288) than chronic hypercapnic COPD patients ([Figure 3](#F0003){ref-type="fig"}).Figure 3In-hospital and 1-year hospital mortality rates of COPD (chronic obstructive pulmonary disease) patients with acute and chronic hypercapnia at hospital admission. The in-hospital mortality rate was significantly higher and the 1-year mortality rate was non-significantly higher for acute vs chronic hypercapnic COPD patients. \[COPD acute = pH \< 7.35; COPD chronic = pH ≥ 7.35\]. The chronic hypercapnic COPD patients\` in-hospital mortality was 5.6%; their 1-year mortality 23.1%. The acute hypercapnic COPD patients\` in-hospital mortality was 12.5%; their 1-year mortality 28.8%.

1-Year Mortality Rates of Hypercapnic Patients, by Underlying Disease, vs Normocapnic Controls {#S0004-S2003}
----------------------------------------------------------------------------------------------

In the acute hypercapnic group, pneumonia patients had the highest 1-year mortality rate, with CHD and COPD patients following. The difference between acute hypercapnic pneumonia and COPD patients was significant (p=0.036).

In the chronic hypercapnic group, pneumonia patients had the highest 1-year mortality rate, with COPD and CHD patients following. These differences were not significant.

The 1-year mortality rate of the normocapnic controls was 14.5%. Regarding the differences in the 1-year mortality rates of the hypercapnic patients with different underlying diseases compared to the normocapnic controls, there were significant differences (p=0.002), Acute hypercapnic pneumonia patients had a significantly higher 1-year mortality rate. There were no significant differences in the 1-year mortality between normocapnic controls and any disease group for chronic hypercapnic patients ([Figure 4](#F0004){ref-type="fig"}).Figure 41-year mortality rates of patients with acute or chronic hypercapnia at hospital admission (by underlying disease) and normocapnic control patients. COPD = chronic obstructive pulmonary disease; CHD = congestive heart disease; OSAS = obstructive sleep apnea syndrome (and obesitas/hypoventilation); intoxication = intoxications (primarily opioids); normocapnic = normocapnic control patients. Acute (hypercapnia) = pH \< 7.35; chronic (hypercapnia) = pH ≥ 7.35. Different basic diseases of the acute and chronic hypercapnic patients and their 1-year mortality rates (acute/chronic): COPD (28.8%/23.1%); CHD (44%/19%); OHS (0%/1.8%); pneumonia (62%/44.4%); intoxication (0%/0%); miscellaneous (18.2%/17.6%); normocapnic (-/14.5%).

Mortality Rates of All Hypercapnic Patients, by Underlying Disease, vs Normocapnic Controls {#S0004-S2004}
-------------------------------------------------------------------------------------------

In-hospital and 1-year mortality rates of the patients with any type of hypercapnia at hospital admission were different between the chronic hypercapnic patients with different underlying diseases. Regarding the 1-year mortality rates compared to the normocapnic controls, there was a significant difference only for the pneumonia patients, with the pneumonia patients having a significantly higher 1-year mortality rate (p=0.004) and OHS having a significantly lower 1-year mortality rate (p=0.039). In-hospital mortality rates were significantly higher in hypercapnic pneumonia patients (p=0.004) and CHD patients (p=0.013) compared to the normocapnic controls ([Figure 5](#F0005){ref-type="fig"}).Figure 5In-hospital and 1-year mortality rates of patients with chronic hypercapnia at hospital admission (by underlying disease) and normocapnic control patients. COPD = chronic obstructive pulmonary disease; CHD = congestive heart disease; OSAS = obstructive sleep apnea syndrome (and obesitas/hypoventilation); intoxication = intoxications (primarily opioids); normocapnic = normocapnic control patients. Different basic diseases of the hypercapnic patients and their in-hospital and 1-year mortality rates (acute/chronic): COPD (7.5%/24.6%); CHD (19.4%/28.4%); OHS (0%/1.6%); pneumonia (28.1%/50.9%); intoxication (0%/0%); miscellaneous (5.1%/22.8%); normocapnic (3.2%/14.5%).

Discussion {#S0005}
==========

Overview of Hypercapnia and Mortality Rates {#S0005-S2001}
-------------------------------------------

The acute hypercapnic patients (defined by a pCO~2~ ≥45 mmHg and a pH \<7.35) at hospital admission had very poor outcomes. Their 1-year mortality rate was 32%, which was significantly higher than the 1-year mortality rates of chronic hypercapnic patients (20.2%) and normocapnic patients (14.5%). This is even more relevant considering that almost all acute hypercapnic patients were initially admitted to our intensive care unit and treated with noninvasive ventilation (NIV).

The in-hospital mortality of the patients with acute hypercapnia at hospital admission was 17%, which was significantly higher than for chronic hypercapnic patients (6.7%) and normocapnic patients (3.2%). A French study[@CIT0005] investigated the mortality rate of elderly patients (\> 65 years of age) with acute respiratory failure, including a subgroup of hypercapnic patients (n=119) that was somewhat comparable to our study patients. Their hypercapnic patients' in-hospital mortality was 24.4%, while our hypercapnic patients' in-hospital mortality rate was 9.5%. This difference may be due to differences in the patient populations. While the French group included only patients with acute respiratory failure, we also included hypercapnic patients admitted without acute respiratory problems (ie, patients with conditions that did not have a large influence on ventilation, such as urinary tract infections, gastric ulcers or thyroid problems).

Mortality Rates of Hypercapnic Patients with Different Underlying Diseases {#S0005-S2002}
--------------------------------------------------------------------------

There was a wide range of 1-year mortality rates between the hypercapnic patients with different underlying diseases. Hypercapnic patients with OHS/OSAS with daytime hypercapnia or patients with suppressed central respiratory drive (primarily due to opiate abuse) had almost no risk of death if properly treated. In contrast, the 1-year mortality rate of the hypercapnic pneumonia patients was very high (50.9%); these patients' outcomes were negatively influenced by the inclusion of patients with dementia and metastasized cancer (who were treated with best supportive care only). The 1-year mortality rates of the hypercapnic patients with CHD or COPD were similar (28.4% and 24.6%, respectively), which were non-significantly higher rates than in the normocapnic controls (14.5%). Interestingly, the in-hospital mortality was significantly higher for the hypercapnic CHD patients than the hypercapnic COPD patients, at 19.4% and 7.5%, respectively.

Pneumonia {#S0005-S2003}
---------

Several studies have investigated the relationship between hypercapnia and mortality in community-acquired pneumonia patients, but they have reported contradictory results. A study of invasively ventilated patients with community-acquired pneumonia demonstrated a 4.73-fold decreased relative risk of mortality for the hypercapnic patients compared to those with a pCO~2~ \<45 mmHg.[@CIT0006] This much improved outcome is probably a result of the control group selection, as normocapnic and hypocapnic patients combined served as the control group, and hypocapnic patients have a higher mortality rate. A study including only patients with pneumococcal bacteremia reported a higher mortality in patients with a pCO~2~ \>45 mmHg compared to normocapnic patients.[@CIT0007] Laserna and colleagues[@CIT0008] investigated pneumonia patients (n=453) and found that hypercapnia (n=70; 15%) and hypocapnia were both associated with a higher 30-day mortality (odds ratio for hypocapnia patients: 2.84, with 20% mortality rate) compared to normocapnic patients. This was also applicable when COPD patients were excluded, as hypercapnia was associated with an increased mortality of nearly threefold overall but a nearly ninefold if COPD patients were excluded. These results are consistent with data published by Sin and colleagues,[@CIT0009] which showed that hospitalized community-acquired pneumonia patients with hypercapnia had a threefold increased in-hospital mortality rate compared to patients with a pCO2 of 40--44 mmHg.

Our study included 57 hypercapnic patients with pneumonia (CAP or pneumonic sepsis). These patients had high in-hospital and 1-year mortality rates (28% and 50.9%, respectively). Of the 16 patients who died in hospital, seven were not admitted to the intensive care unit, and the medical care for these patients was not intended to cure them but to provide the best supportive care.

COPD {#S0005-S2004}
----

Various studies have reported contradictory results regarding hypercapnia in COPD patients: hypercapnia has led to increased mortality,[@CIT0010] decreased mortality[@CIT0011] and no association.[@CIT0012],[@CIT0013] Additionally, Ahmadi and colleagues[@CIT0014] found that pCO~2~ predicted in-hospital mortality in a U-shaped manner. Hypocapnic patients with a pCO~2~ \<33.75 mmHg had a 17% increased mortality compared to normocapnic patients, while severely hypercapnic patients with a pCO~2~ \>60 mmHg had a 15% increased mortality compared to normocapnic patients. In contrast, Solar-Cataluna and colleagues[@CIT0015] investigated various factors that might influence COPD outcome, the most important one being severe acute COPD exacerbations, and they found that hypercapnia did not influence the 1-year mortality rate.

Budweiser and colleagues[@CIT0016] investigated 98 chronic hypercapnic patients with COPD treated with NIV at home, and their mortality rate during the 28.9 ± 8.8 months of follow up was 31.6%. Our study included 296 hypercapnic patients with COPD, and their 1-year mortality rate was 24.6%. The 218 chronic hypercapnic COPD patients had a 1-year mortality rate of 23.1%. The 78 acute hypercapnic COPD patients had a 1-year mortality rate of 28.8% and an in-hospital mortality rate of 12.5%. In contrast, an important older case series published by Connors and colleagues[@CIT0017] reported a lower in-hospital mortality rate of 11% in COPD patients with acute hypercapnic exacerbations. Their 1-year mortality rate was 49%, in contrast to 28.8% for our acute hypercapnic patients.

Hypercapnic COPD patients have a better outcome when they are obese. In many of them, the main reason for hypercapnia is probably OHS. Patients with OHS/OSAS with daytime hypercapnia who were treated properly with NIV had a very low mortality rate in our study and in various others. For example, a French multicenter study demonstrated a much lower mortality rate over an almost 4-year period (47.7 months) for obese (32.4%) compared to non-obese (57.7%) NIV-treated COPD patients.[@CIT0018]

OHS/OSAS with Daytime Hypercapnia {#S0005-S2005}
---------------------------------

Regarding the mortality rates of OHS patients, it is necessary to distinguish between the era before and after home mechanical ventilation became a relevant treatment option for these patients. Patients with untreated OHS have a significantly higher risk of mortality, as shown in a retrospective study that reported that 7 out of 15 OHS patients (46%) who refused long-term NIV died during the mean 50-month follow-up period.[@CIT0019] Additionally, a prospective study by Nowbar and colleagues[@CIT0020] explored the 18-month mortality rate of patients with severe obesity and OHS (with daytime hypercapnia) (n=47) after hospital discharge, only six (13%) of whom were treated for OHS by NIV after hospital discharge. They found that the overall group of 47 had a significantly higher mortality rate (23%) than the control patients (n=103) with severe obesity alone (9%), who were well-matched for BMI, age, and a number of comorbidities. A disadvantage of this study was that hypercapnia was defined as pCO~2~ ≥43 mmHg.

The situation is quite different if the patients are treated with NIV at home. Budweiser and colleagues[@CIT0021] conducted a retrospective analysis of 126 OHS patients. Their 1, 2 and 5-year mortality rates were 3%, 8%, and 30%, respectively. pCO~2~ was not a significant outcome predictor, but reduction of pCO~2~ during NIV therapy was. The 1- and 2-year mortality rates of NIV-treated OHS patients in a study by Blankenburg and colleagues[@CIT0022] were higher (14.9% and 27.9%, respectively). We included 63 hypercapnic patients with OHS/OSAS with daytime hypercapnia (all our OHS patients were treated with NIV at home). None of these died in-hospital and their 1-year mortality rate was 1.5% (1 patient died). These mortality rates are comparable to the results of Budweiser and colleagues.

All authors were working at the Marienkrankenhaus Kassel at the time of the study.

Availability of data and material {#S0006}
=================================

All data relevant to the study are in the [[supplementary material](https://www.dovepress.com/get_supplementary_file.php?f=242075.docx)]{.ul} file.

Abbreviations {#S0007}
=============

CHD, congestive heart disease; COPD, chronic obstructive pulmonary disease; OHS, obesity hypoventilation syndrome; OSAS, obstructive sleep apnea syndrome; pCO2, partial pressure of carbon dioxide; NIV, noninvasive ventilation.

Ethics Approval and Consent to Participate {#S0008}
==========================================

The study was conducted in accordance with the Declaration of Helsinki. The institutional ethic committee of the Marienkrankenhaus approved the study (reference no. MKH 07/2014). All patients gave consent for the scientific use of the data acquired during hospitalization.
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